Highly ordered AeBeA block copolymer arrangements in the submicrometric scale, resulting from dewetting and solvent evaporation of thin films, have inspired a variety of new applications in the nanometric world. Despite the progress observed in the control of such structures, the intricate scientific phenomena related to regular patterns formation are still not completely elucidated. SEBS is a standard example of a triblock copolymer that forms spontaneously impressive pattern arrangements. From macroscopic thin liquid films of SEBS solution, several physical effects and phenomena act synergistically to achieve well-arranged patterns of stripes and/or droplets. That is, concomitant with dewetting, solvent evaporation, and Marangoni effect, Rayleigh instability and phase separation also play important role in the pattern formation. These two last effects are difficult to be followed experimentally in the nanoscale, which render difficulties to the comprehension of the whole phenomenon. In this paper, we use computational methods for image analysis, which provide quantitative morphometric data of the patterns, specifically comprising stripes fragmentation into droplets. With the help of these computational techniques, we developed an explanation for the final part of the pattern formation, i.e. structural dynamics related to the stripes fragmentation.
Introduction
The patterned structures formed from dewetting thin films of block copolymer (BC) in solution are developing a promising branch on template technology at nanoscale, but the underlying science is still opened to be explored [1e3] . The application of such structures have been considered as a potential alternative for the soft lithography applied in nano and microelectronics as well as in other branches of contemporaneous technologies such as microfluidics and biotechnology [4, 5] . It is widely known that symmetrical ABA triblock copolymers (TBC), depending on the A/B molar (volume fraction) ratio, derive different thermodynamically stable microphases: from lamellae to gyroidal morphologies [6e8] . More recently, the dewetting of thin films of poly(styrene)-b-poly(ethene-co-butene-1)-b-poly(styrene) (SEBS) solutions, under the influence of solvent evaporation, resulted in self-organized patterns formed by submicrometric droplets and/ or stripes arrangements. These structures were found for a relatively low concentration of SEBS in the solution; above a certain concentration value the final result was a uniform film covering the whole substrate [9] . The explanation for the stripes formation comes from a non-classical dewetting process in which each point at the three-phase contact line recedes towards the center of the liquid-drop, while a gradient of copolymer concentration generates an undulation at the vicinity of the contact line (Marangoni effect) [10] . Thus, long and parallel fingers are formed as the film shrinks. This phenomenon, called "regular fingering formation", can, in many cases, generate a well-arranged pattern of stripes. However, following the formation of fingers, they can be fragmented into droplets due to a phenomenon called Rayleigh instability. It was also observed that, depending on the receding speed of the contact line, the formation of droplets can occur directly from the contact line rupture, preventing the fingers formation [10] .
A similar sequence of events had also been observed for homopolymer solutions [5] , but for block copolymers impressive self-organized arrangements have been reported, as the regular patterns composed of stripes or droplets [9, 11] . Such self-organized patterns were certainly caused by the dewetting phenomenon with a contribution of the solvent evaporation, but should be strongly affected by antagonistic interactions between block-segments of the copolymer, interactions that increase progressively as the solvent evaporates. On the other hand, studies carried out with thin films of polystyreneebutadieneepolystyrene copolymer e a copolymer with very similar properties to those of the SEBS e deposited on solid substrates found regular cylindrical polystyrene structures oriented either parallel or perpendicularly to the substrate [12] . Depending on the thickness of the film and the evaporation rate of the solvent, the thermodynamic equilibrium, that involves both internal interactions and the interaction between the film and the substrate, defines the orientation of the PS-cylinders [13] . In very thin films, PS-cylinders become perpendicularly arranged to the surface of the substrate, but as the number of degrees of freedom rises, what happens as the thickness increases, the system progresses to a parallel orientation. Despite the progress in the understanding of self-organized patterns of SEBS in submicrometric scales, the entire mechanism involved in such phenomenon, however, remains to be fully elucidated. The most obscure point is the finger fragmentation phenomenon that occurs just after the formation of the fingers, effects that happens when the amount of solvent is very small. This paper intends to give a contribution to the study of SEBS patterns, focusing on the geometrical and morphological information of fingers (called stripes from now on) and droplets. For this, we make use of the potential of quantitative computer techniques.
Due to the versatility and accuracy of the current image processing techniques, they have emerged as promising tools for microscopy image analysis and have been used to enrich investigations of patterned nanostructures [14] , specially for morphological and surface analysis of thin films [15e18]. For this reason, this technique is adequate for obtaining important quantitative data to help in the investigation of the dynamic evolution of submicrometric SEBS structures, and can replace with great advantage the traditional methods provided by the commercial microscope software. In addition, it can process a large volume of imaging data in a semi-automated way, which allows for the study of statistical behavior of the collected data.
Materials and methods

Materials
We use a commercial SEBS (Kraton Toluene was used as solvent, and mica substrate as cleaved was used as solid substrate. The advantage of mica comes from its very low roughness and because its surface is relatively chemically inert [19] .
Sample preparation
A layer of mica freshly cleaved twice was then plunged for few seconds in a SEBS/toluene solution (w 0.10 g L À1 ); enough time to form a thin liquid film that covers the whole area of the substrate. This dip coating procedure was carried out at environmental conditions with temperatures between 20 C and 25 C and relative humidity between 30% and 40%. The liquid film is then left in the laboratory environment for several minutes for evaporating the toluene. Toluene is an appropriate solvent for both PS and PEB, mainly because it does not influence the initial molecular interactions, that is, when the solution is still diluted. The dynamics of molecular actions and the final structural arrangement depend on the specific interactions between each of the components of the block copolymer and the substrate.
AFM
AFM height images of the dried sample were obtained by tapping-mode atomic force microscopy (TMeAFM) (Nanoscope III, Digital Instruments). AFM analysis was carried out in a MultiMode Nanoscope 3 from Digital Instruments using intermittent contact mode (tapping-mode) with a silicon tip at 330.000 Hz oscillating frequency and scan speed 10 mm/s. The images were captured in the retrace scan direction for both height and phase images.
Image processing
AFM images were analyzed by calculating a set of semiautomated morphometric measurements such as height, area, width and distance of stripes and droplets of the SEBS structures. The initial processing step is the segmentation of objects (stripes or droplets) to be investigated. By applying an adaptive threshold algorithm to the AFM images, different morphological objects have been separated from the background, generating black (background) and white (objects) images [20] . The objects recognition is then extracted using the connected components labeling. This labeling technique groups pixels (the smallest cell of the image) into elements that share pixels of similar intensities [20] . The pattern recognition for objects and the labeling of various disjoint and connected components are decisive to a reliable automated image analysis, for example, the area calculation results in the sum of pixels for each object as well as mean height measures. The distance between neighboring objects, on the other hand, is measured according to the AFM image patterns, i.e. for droplets it is calculated as the distance between the centers of two objects, while for stripes it is obtained by a semi-automated procedure. In this procedure a line orthogonal to the stripes is determined over a segmented image, and the distance is obtained by the extension of the black pixels. For this paper in particular, these techniques contribute greatly for the specific dynamics related to the fragmentation of stripes in droplets. Fig. 1 shows AFM images of self-organized structures found in different regions of the same sample. Fig. 1a exhibits a region patterned with parallel stripes, while in another region a quasiperfect 2D hexagonal lattice constituted by submicrometric droplets was recorded (Fig. 1b) [9] . Fig. 1c and d show, using a section profile analysis (a height profile), how regular these structures are, as well as the uniformity of shapes of stripes and droplets. Those images are the final result after dewetting and solvent evaporation of a thin liquid film that was formed by dipping the mica substrate in a SEBS/toluene solution for few seconds [9] . SEBS stripes and droplets adhered to the mica surface after the complete evaporation of the solvent, and inside each stripe or droplet the phase separation is such that parallel cylindrical structures of polystyrene remain embedded in the poly(ethene-co-butene) matrix, as shown in the AFM phase image (Fig. 2) . It is clear that some perpendicular cylinders also appear in the structure, mainly in the borders where the thickness is smaller. PS-cylinders reached hundreds of micrometers, and from the AFM images we can estimate an average diameter of about 12 nm for the cylinders, and a mean distance between two neighbouring cylinders also of 12 nm. However, we need to advise that it exists a certain imprecision in the lateral interaction between the tip and the surface in the phase mode, which can artificially enlarge the dimension of the cylinders [21] . Even so, this is in agreement with accurate measurements of Transmission Electron Microscopy technique (TEM) carried out in similar SEBS films that were deposited on liquid phosphoric acid substrate [7] .
Results
AFM images
In other parts of the sample it is possible to find mixed regions of stripes and droplets, in which it can be observed that the droplets are somehow germinated inside the stripes and then expelled from it (Fig. 3) . This spontaneous segmentation of the stripes, probably related to the Rayleigh instability phenomenon, is still far of being completely elucidated. It is not possible to follow the dynamics of the stripe fragmentation because the resultant stripes and droplets are invisible to optical microscopy. However, when the procedure described in Section 2.2 was repeated using smooth silicon as substrate, similar and visible structures, but not well organized, Fig. 2 . AFM phase images of internal cylindrical structure of (a) stripe and (b) droplet. The phase separation is such that parallel cylindrical structures of polystyrene remain embedded in the poly(ethene-co-butene) matrix.
were formed. Fig. 3 shows a sequence of optical images during the dewetting process of the SEBS: toluene film. The evolution of the system, as the contact line recedes, shows clearly the formation of fingers and their fragmentation into droplets. This experiment strengthens the hypothesis that the formation of stripes is an intermediate stage for a final droplets pattern.
Image analysis
In possession of the computational tools described above we were able to obtain quantitative data for patterns of droplets and stripes shown in Fig. 1 , and also to contribute to the investigation of the stripes segmentation phenomenon (shown in Fig. 4 ). Fig. 5a shows a surface height picture extracted from Fig. 1c using the Matlab version 7.8, while in Figs. 5bed we present, respectively, graphs of height and width for the droplets. The colour gradient facilitates the visual analysis of the pattern. These results clearly show the regularity of the droplets pattern and the uniformity of their shape. Inserts in Fig. 5b and c present the data displayed in the histograms, where we can verify the relatively narrow dispersions for these parameters. The average values for height, diameter and area were found to be 39 AE 1 nm, 520 AE 20 nm and 0.20 AE 0.09 mm 2 ,
respectively. Fig. 6 shows the stripe pattern by the same Matlab treatment (Fig. 1a) , in which we can see a higher dispersion in the height distribution, therefore differently from the droplet pattern. The average value for the height of stripes is 23 AE 2 nm. The geometric measurements of typical structures formed on a mica substrate are compared in Table 1 . However, this height value is slightly different from stripe to stripe because, as we discuss below, the droplets germination starts still inside the stripes. It is important to address here two important points. First, the existence of a height gradient is clearly visible from one extremity of the picture to the other, as shown in Fig. 6 . This indicates that for any reason there is transport of mass along each stripe. Second, the height average for stripes is lower than that for droplets.
In order to gain more information about the morphometric parameters of these structures we applied the calculation given above to a transition region, i. e. a region that exhibits stripes and droplets. The pattern shown in Fig. 7a (60 Â 60 mm2 ) displays an example of such region. This analysis was carried out in the expanded region shown in Fig. 7b and c a typical height profile of one stripe shows that it presents a height gradient. This gradient is more visible in the image built up by the computational manipulation of the structure shown in Fig. 7b (shown in Fig. 8 ), in agreement with what was already observed in Fig. 6 . This gradient is more visible in the image built up by the computational manipulation of the structure shown in Fig. 7b (shown in Fig. 8 ), in agreement with what was already observed in Fig. 6 . This gradient somehow continues along the droplets that were formed from the stripes segmentation, as shown in the graph of Fig. 8 . These results reinforce the hypothesis that the morphology of droplets starts to be germinated inside the stripes, and that the final morphology of droplets ends after the segmentation process. In contrast with the values exhibited in Table 1 , the height average values for stripes and droplets in the transition region are, respectively, 30 nm and 35 nm. 
Discussion
As described in the introduction, the formation of fingers during the dewetting of SEBS/toluene thin films onto mica substrates is caused by a Marangoni effect at the contact line.
There upon a periodic instability occurs along each finger (stripe), as can be seen in Figs. 3 and 4 . This effect is similar to the RayleighePlateau phenomenon [22] . In a good approximation we can consider a flat rectangular geometry for the stripes with a cross area defined by a width l z 400 nm and a thickness d s z 23 nm.
The established wavy perturbation of wavelength l causes a mass transport from the troughs to the crests, which induced the fragmentation of the stripes into droplets (nanometric discs).
Being pb 2 the area of each droplet, where b is the radius, and d d its thickness, by the volume conservation condition, l is equal to
. The free energy per wavelength for stripes can be considered as ll(g s þ g g ), and for the each droplet pb 2 (g s þ g g ), where g s is the surface tension at the interface with the substrate, and g g that in contact with the air. Since the condition for the fragmentation is the reduction of the free energy, l should be
This condition is in agreement with the data shown in Table 1 . The question now is: how are the modifications in the internal morphology when stripe segments evolve into droplets? First, we should consider that the internal morphology of such SEBS structures (stripes and droplets) is formed by layers (terraces) in which spaced glassy cylinders of polystyrene, disposed in parallel to the substrate, are immersed in a rubbery matrix of poly(ethene-cobutene) [12, 23] , with an autophobic PS-layer beneath. This model is proposed by analogy with models for SEBS thin films and similar copolymers [12, 21, 23, 24] . It has been extensively discussed in the literature that depending on the surface field PS-cylinders lie aligned perpendicular or parallel to the substrate surface. The images of Fig. 2 indicate that for stripes and droplets the cylinders lie rather with their axis parallel to the substrate, despite the existence of some perpendicular cylinders. Therefore, we assume that the height of each stripe (droplet) can be defined by stacked terraces added to the bottom autophobic layer, as depicted in Fig. 9 . For a stripe that has an average height equal to 23 nm the height is d s ¼ h þ d t , where d t is the top-terrace thickness, while each droplet Table 1 Geometrical parameters measurement of self-assembled copolymer, stripes and droplets: the mean height, width and area for objects.
Objects
Mean height (nm)
Stripes (Fig. 1a) 23 AE 2 0.406 AE 0.005 e Droplets (Fig. 1b) 39 
whose experimental value is 39 nm. Therefore, the thickness of the internal lamella d i is 16 nm, which is lower than the distance between two cylinders at the surface (24 nm), but we need to make the projection since the cylinders packing form a triangular arrangement. To sustain this model we need to assume that along the z-direction the internal structure is under a compression caused by interfacial interactions. 
Conclusions and final remarks
A summary explanation of the structures formation shown in Figs. 1 and 2 can be given in three steps. First, the Marangoni effect occurs in the vicinity of the contact line during the dewetting of the thin film liquid (still a film in solution), an effect that can be generated by a local gradient of the solute (SEBS molecules) with the contribution of the solvent evaporation [10] . In a second step, the undulations along the contact line triggers the formation of fingers, and as the film shrinks these fingers are stuck in a parallel arrangement on the mica surface composing the pattern of stripes (Fig. 1a) ; this was corroborated by the optical images presented in Fig. 3 . The third step, which is the main contribution of this paper, is related to a particular sort of Rayleigh instability, in which the stripes break up in droplets [25] . It is also known that in thin films of SEBS and similar copolymers the phase separation forms a cylindrical domain structure, and for thin films the cylinders can be oriented in parallel to the solid surface [5, 12] . Other studies showed that in very thin films the orientation of the cylinders is perpendicular, while for thicker films (above 100 nm) they are disposed in parallel to the substrate [12, 23] . We proposed a model for the morphologies of the stripe and droplet structures, in which the only difference is in the number of terraces formed by PScylinders. This model was obtained from AFM of SEBS images that show parallel arrangement of PS-cylinders. Computational image processing was essential to elaborate the model because provided accurate quantitative values for the heights of stripes and droplets, as well as the height variation in transition regions that showed the stripe fragmentation into droplets.
